INTRODUCTION
Growth hormone deficiency (GHD) has been estimated to occur with an incidence of 1/4,000 to 1/10,000 live births; most cases are sporadic, but 5% to 30% are familial, an observation consistent with a genetic etiology of the disease (1-2). The growth hormone deficiency can be isolated (IGHD), combined to other pituitary hormone deficiencies (CPHD), or, in the extreme form, be part of a panhypopituitarism. The degree and severity of GH deficit is variable; moreover, GHD may be syndromic or not, depending on the gene implicated. Several genes have been shown to be involved in endocrine pituitary deficiency, with, to date, five of them related to IGHD: the growth hormone gene (GH-N); the gene encoding the receptor of the growth hormone releasing hormone GHRHR (1-2); recently, a mutation in the GHSR gene encoding the ghrelin receptor (an hypothalamic factor that stimulates GH secretion and appetite) has been identified in patients with short stature (3); IGHD has also been shown to result from heterozygous mutations in the homeobox gene expressed in embryonic stem cells, called HESX1 (4-6); or in X-linked GH deficiency (7) from molecular defects of the sex-determining region of the Y chromosome-related high-mobility group box gene (SOX3).
The critical role that GHRH plays, through GHRH receptor binding, in regulating GH pituitary synthesis and secretion has been confirmed in humans through the discovery of homozygous null mutations in the GHRHR gene that inactivate receptor function and cause severe GH deficiency and dwarfism (for review,1). The human GHRHR, mapped to chromosome 7p15, consists of 13 exons spanning approximately 15 Kb and encodes a protein of 423 amino acids. GHRHR is a seven-transmembrane domains receptor coupled to Gαs, predominantly expressed in the pituitary gland (8) . To date, 16 GHRHR mutations have been identified in patients with severe growth retardation: one impairing a POU1F1 binding site in the promoter region, seven missense and two nonsense mutations, two microdeletions, and four splice site mutations (introns 1, 3, 7 and 12) (1,9). All but one mutations are recessive; they were found in the homozygous or compound heterozygous state. The remaining mutation (c.Del1121-1124) has a dominant negative Isolated growth hormone deficiency (IGHD) may be of genetic origin. One of the few genes involved in that condition encodes the growth hormone releasing hormone receptor (GHRHR) that, through its ligand (GHRH), plays a pivotal role in the GH synthesis and secretion by the pituitary. Our objective is to describe the phenotype of two siblings born to a consanguineous union presenting with short stature (IGHD) and Magnetic Resonance Imaging (MRI) abnormalities, and to identify the molecular basis of this condition. Our main outcome measures were clinical and endocrinological investigations, MRI of the pituitary region, study of the GHRHR gene sequence and transcripts. In both patients, the severe growth retardation (-5SD) was combined with anterior pituitary hypoplasia. In addition to these classical phenotypic features for IGHD, one of the patients had a Chiari I malformation, an arachnoid cyst, and a dysmorphic anterior pituitary. A homozygous sequence variation in the consensus donor splice site of intron 1 (IVS1 + 2T > G) of the GHRHR gene was identified in both patients. Using in vitro transcription assay, we showed that this mutation results in abnormal splicing of GHRHR transcripts. In this report, which broadens the phenotype associated with GHRHR defects, we discuss the possible role of the GHRHR in the proper development of extrapituitary structures, through a mechanism that could be direct or secondary to severe GH deficiency. Online address: http://www.molmed.org doi: 10.2119/2007-00128.Hilal effect (10) . All the missense mutations have proven to cause the inability of the mutated receptor to bind the ligand, therefore affecting GHRH signaling (11) . The other mutations (nonsense, splice mutation, and c.Del1140-1144), expected to lead to the synthesis of severely truncated receptor, represent 8/16 of the GHRHR molecular defects (12) (13) (14) (15) (16) .
In the present study, we report the particular phenotypic characteristics of two Moroccan siblings with IGHD born to a consanguineous union in whom we identified a novel splice site mutation in the GHRHR gene.
MATERIALS AND METHODS

Patients
Two children were referred to the Department of Endocrinology, Diabetology, and Nutrition of the Ibn Sina hospital in Rabat, Morocco for evaluation of short stature. The patient's parents gave informed consent for genetic studies.
Hormonal Assays
GH and insulin-like growth factor 1 (IGF-1) concentrations were evaluated by RIA (Beckman Coulter, France). GH plasma values were measured after two pharmacological stimulations: an insulin-induced hypoglycaemia test (0.1 U/kg); and a LevoDopa test (0.15 mg/mL). Plasma TSH, FSH, LH, prolactin (PRL), free T4 and T3, and cortisol (at 8:00 a.m.) were evaluated under baseline conditions by RIA.
Magnetic Resonance Imaging (MRI)
Pituitary MRI was performed on a 1.5-T magnet (Gyroscan ACS-II) with spin echo T1-T2 weighted images (repetition time = 450 msec; echo time = 20 msec; slice thickness = 6 mm). Pre-and postgadolinium examinations were performed in the coronal and sagittal planes. MRI was interpreted by three neuroradiologists (Gueddari and Kabbaj in Morocco and L Hertz-Panier in France).
Mutation Screening
Genomic DNA was isolated from peripheral blood leukocytes and was screened for mutations in GH-N and GHRHR genes by direct sequencing of PCR products spanning exons and flanking intronic sequences. PCR products were purified (Nucleospin extract 2 in 1 columns, Macherey Nagel, Hoerdt, France) and sequenced on ABI PRISM 3100 Automated Sequencer (Applied Biosystems, Foster City, CA). All the primers' sequences used in this study are available on request.
Restriction Endonuclease Analysis of PCR Products
Intrafamilial segregation analysis of the identified GHRHR mutation was accomplished by Taa-I digestion (Fermentas, St Rémy les Chevreuses, France) of the PCR products spanning the mutation site and generated with following primers: forward, 5′-CCAGAGTAGAAGGCGATGAGG-3′; and reverse, 5′-TCTCCAAGCCACAGC CTGCC-3′. The IVS1 + 2T > G mutation abolishes a Taa-I restriction site (ACNGT). Digestion products were then separated by electrophoresis on a 3% agarose gel.
Plasmid Constructs
The genomic DNA from a control and one patient was used as a template to amplify by PCR a genomic fragment spanning exons 1 to 4 of the GHRHR gene using primers P1 (forward: 5′-CCAGAGTAGA AGGCGATGAGG-3′) and P2 (reverse: 5′-AGAATGGCGGCCCCTACAGT-3′). The resulting PCR products were subsequently cloned into the pcDNA3.1/V5-His Topo TA expression vector (Invitrogen, Cergy-Pontoise, France) to generate the pcDNA3.1-GHRHR_WT and pcDNA3.1-GHRHR_Mut plasmids. The two plasmid constructs were checked by direct DNA sequencing.
Transfections and RT-PCR Analyses
The transfection assays were carried out in HeLa cells maintained in DMEM medium supplemented with 10% fetalcalf serum. The two plasmids containing the wild-type or mutated GHRHR minigene were transfected using the Lipofectamine-Plus method (Invitrogen) in OptiMEM medium according to the manufacturer's protocol. Cells were harvested 24 h after transfection and total RNAs were then extracted by the RNAPlus method (Q.Biogen, IUkirch, France). Reverse transcriptions with SuperScript II (Invitrogen) were performed with hexamer random primers followed by PCR amplifications between exons 1 and 3 with primers P3 (forward: 5′-CTTAC TGAGGCTGGTGGAGG-3′) and P4 (reverse: 5′-GAGAGAAGAAATCCG GGCAG-3′). Aliquots of RT-PCR products were separated by electrophoresis on a 1.5 % agarose.
RESULTS
Disease Phenotype
Patient II.3 (a boy) and patient II.4 (a girl) are the third and fourth children of a consanguineous union. Their parents and siblings are of normal stature (ranging from -1.7 to -0.05 SD) ( Figure 1A ). The two index cases (II.3 and II.4) were born at term after normal pregnancies and deliveries; their birth weights were 4,000 g and 2,500 g, respectively. On first examination, both patients were prepubertal (Tanner stage I). Patient II.3, who was 11 years, 6 months old, had a height of 104 cm (-6.6 SD) and his bone age (calculated with Greulich and Pyle atlas) was 10 years. Patient II.4, who was 9 years, 4 months old, had a height of 103.3 cm, (-5.4 SD) ( Figure 1B ) and her bone age was 8 years. The two patients showed frontal bossing, marked nasal bridge, and delayed dentition; moreover, patient II.4 presented acromicria and retrognatism. There was no abdominal obesity or history of neonatal hypoglycemia in either of them, and no micropenis for the boy.
All endocrinological values are summarized in Table 1 . The patients underwent two GH stimulation tests by insulininduced hypoglycemia and L-Dopa. Their response to these stimuli was very low: 0.1 ng/mL for patient II.3, and 1.2 and 4.2 ng/mL for patient II. 4 (normal values > 10 ng/mL). IGF-1 values were also markedly low. There was an appropriate cortisol secretion for both children: 181 ng/mL in patient II.3 and 116 ng/mL in patient II.4 (normal values 90-260 ng/ mL). Free T4 and T3, TSH, FSH, LH, and PRL were normal.
Both patients showed good responses to GH therapy with a growth velocity of 11 cm/year for patient II.3, and 10.5 cm/ year for patient II.4 after one year of treatment. For patient II.4, GH treatment was stopped at the age of 13 because she gained only 0.6 cm/year and her bone age was 12 ( Figure 1B) .
They both underwent spontaneous puberty: at the age of 17, patient II.3 presented a Tanner stage III-IV and a height of 147.5 cm (-4.3 SD), whereas target height is 171.5 cm (-0.5 SD). As for patient II.4, who reached a height of 138 cm (-4 SD) at age 15 (target height of 158.5 cm, -1 SD), puberty had progressed to Tanner stage IV with stage B4 (B1, before GH treatment).
Imaging investigations, performed by magnetic resonance (MRI), showed anterior pituitary hypoplasia in both siblings: height of 3 mm and 2 mm in patient II.3 (at 14.9 years) and II.4 (at 9.8 years) respectively, on a sagittal medial view (Figure 2A, b and c) . It was largely less than -2 SD by age-adjusted criteria as assessed by reference data (17) (18) . Moreover, the morphology of the anterior pituitary was found to be unusual in patient II.3, very thin in the center (3mm) with two small lateral lobes (5mm) ( Figure 2B, b) . Although the ends are larger, they remain under the mean. In addition, the same patient had a Chiari I malformation (tonsillar herniation of 4-5mm below the foramen magnum) and a left retrocerebellar arachnoid cyst ( Figure 2C, b) . The posterior pituitary is in place and the pituitary stalk is normal in both patients (Figures 2A and 2B ).
Mutation Detection
We first analyzed the sequence of the GH-N gene. No variation was detected in either patient (II.3 and II.4), except for the two previously reported single nucleotide polymorphisms (SNP) in exon 1 (c.40T > G and c.50A > G, pThr3Ala, GeneBank accession number BC090045). Then, we sequenced the GHRHR gene. This analysis revealed a homozygous T to G transversion at the second nucleotide of the donor splice site of intron 1 (IVS1 + 2T > G) (GeneBank accession number AY557192) ( Figure 3A ). This mutation affects the highly conserved dinucleotide guaninethymine of the donor splice site. No other sequence variation was found except a SNP previously described in exon 6 (c.564C > T, p.His188His).
As the identified T > G mutation abolishes a restriction site for Taa-I, its intrafamilial segregation was subsequently analyzed through digestion of PCR products spanning the mutation site. The two healthy parents (I.1 and I.2) were found to be heterozygous for the mutation, a result in keeping with the consanguinity documented in this family. This analysis also revealed that the patients' brother (II.2), with normal height, is heterozygous whereas the healthy older sister (II.1) is homozygous for the wild-type allele ( Figure 3B ). These results were confirmed by DNA sequencing.
Consequence of the IVS1 + + 2T > > G Mutation on the Splicing of GHRHR Transcripts
To determine the consequences of the IVS1 + 2T > G mutation on the splicing of GHRHR transcripts, HeLa cells were transfected with expression vectors containing the normal or the mutant GHRHR minigene consisting of a genomic fragment spanning exon 1 to exon 4. RT-PCR amplification of GHRHR transcripts isolated from cells transfected with the wildtype minigene generated a major product of 290 bp consistent with normal splicing of introns 1 and 2, whereas the IVS1 + 2T > G allele produced a larger product of 718 bp ( Figure 4A ). Sequencing of these fragments indeed showed that the 290-bp molecular species correspond to normally spliced GHRHR transcripts ( Figure 4B) , whereas, the 718-bp fragment contains a 427-bp insertion corresponding to the 5′ intronic sequence following exon 1. This latter observation indicates the use of a cryptic donor splice site in this intron at position 428 ( Figure 4B ). If translated, this abnormal transcript would give rise to a frameshift at codon 19 (end of exon1) that introduces 71 novel amino acids before a premature stop codon (TAG), thereby leading to a severely truncated protein. 
DISCUSSION
Description of a New GHRHR Mutation in Two Moroccan Patients, One of Them Displaying Chiari I Malformation
The IVS1 + 2T > G transition identified here is predicted to prevent normal splicing of GHRHR intron 1, because the GT dinucleotide at the beginning of each intron is 100% conserved in mammalian genes and is necessary for removal of intron sequences from the mature mRNA (19) . Only four splice mutations in GHRHR have been identified in IGHD, and one of them is located in the same splice site (IVS1 + 1G > A) (1, 12) , presumably with identical molecular consequences. However, in all these cases, the effect of mutations on RNA splicing has not been studied, the GHRHR being expressed only in the pituitary and the placenta (20) . In this study, we demonstrateafter generation of appropriate minigene constructs, transfection assays, RT-PCR, and sequencing-that this mutation causes the retention of a part of intron 1. A cryptic splice site (tgtg/gtaag) is mainly used 428 nucleotides downstream the beginning of intron 1, leading to the insertion of 71 new amino acids followed by a premature stop codon, which, most likely, causes nonsense-mediated degradation of the mRNA (21) . Even if this does not occur, the putative receptor would be severely truncated at the beginning of the extracellular N-terminus lacking the seven transmembrane domains, resulting in complete loss of receptor function. Such defect may, therefore, have severe consequences on GH synthesis in accordance with the extreme small size of the two patients before GH treatment.
Patients carrying two mutated GHRHR alleles usually have severe IGHD revealed by severe short stature, but normal weight at birth and none presents micropenis nor neonatal hypoglycemia (1) . Their GH and serum IGF-1 levels are reduced markedly, but good responsiveness and immunological tolerance to exogenous GH therapy are commonly reported (1-2). The two patients herein studied responded well to GH therapy. At the last examination, height was around -3.4 SD for patient II.3 (at the age of 20) and -4.5 SD for patient II.4 (at the age of 16). Unfortunately, the target height (-0.5 SD and -1 SD for patients II.3 and II.4 respectively) was not reached; due to social issues, the treatment was late. Also GHRHR-deficient patients may (22) or may not (15, (23) (24) display some dysmorphic features such as frontal bossing and marked nasal bridge; the two patients herein described have this phenotype.
It was thought that patients with a GHRHR molecular defect invariably have anterior pituitary hypoplasia (15, (25) (26) (27) (28) (29) , and that GHRHR mutations can be excluded in the absence of this feature because GHRHR is critical for pituitary development and function of somatotroph cells (30) (31) . However, patients homozygous for a GHRHR splice site mutation (IVS1 + 1G > A), presumably with molecular consequences identical to those documented in our patients, and with normal anterior pituitary have been reported recently (29) . Both patients reported here showed anterior pituitary hypoplasia, and one of them had an abnormal aspect of the pituitary. This is the first Chiari I malformation described in more than 40 subjects with bi-allelic GHRHR mutation (1) . As the patient also presents a left arachnoid cyst, in the absence of previous MRI, it is not possible to determine if the Chiari I malformation is due to the cyst (mass effect) or represents a primitive malformation. A spectrum of intracranialassociated malformations has been observed in patients with IGHD and CPHD, including anatomic abnormalities of the hypothalamic-pituitary region and other cerebral structures. These malformations may be acquired or of developmental origin. As shown in a study reviewing over 22,000 unselected MRIs, Chiari I malformation occurs in 0.77% of cases (32); on the other hand, a Chiari I malformation has been shown to be much more prevalent in different IGHD-CPHD populations, affecting 9% (9/100) (33) or 20% (7/35) (34) of those patients in whom no molecular investigation was done. Fujita et al. (35) reported seven patients with idiopathic GH deficiency, hypopituitarism, small anterior pituitary, stalk interruption, and Chiari I malformation; however, as all of them were born after breech delivery, they postulated that this constellation of abnormalities might be explained by traction on the brain and spinal cord at birth. This hypothesis is not supported by the report of patients with GH deficiency and Chiari I malformation (7/35) who were delivered in vertex position (36) , as is the case for patient II.3. Therefore, a genetic origin of Chiari I malformation represents an attractive hypothesis. The development of the cerebellar tonsils occurs from the fourth to eighth week of gestation, a critical period for the hypothalamo-pituitary region development during which genetic factors are implicated; a sequential expression of several transcription factors is indeed required for pituitary ontogeny (37) . The hypothesis of a defect in embryogenesis as the cause for the Chiari I malformation is also supported by the fact that mutations in genes involved in early organogenesis (such as LHX4 and HESX1), critical for pituitary embryogenesis and differentiation, have been shown to be associated with this abnormality (38) (39) . Chiari I malformation could also be secondary to the severe GHD that was documented in all those patients, a hypothesis supported by the presence of a GH-N mutation in two siblings with severe GHD and Chiari I malformation (40) . In addition, as all these mutations were identified in patients born to a consanguineous union, the implication of other genes cannot be excluded.
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